Splicing: HACking into the unfolded-protein response  by Shamu, Caroline E
Dispatch R121
Splicing: HACking into the unfolded-protein response
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Unfolded proteins in the endoplasmic reticulum of
Saccharomyces cerevisiae trigger a specialized RNA
splicing event that allows the subsequent translation of
the Hac1p transcription factor. This splicing can be
reconstituted with Ire1p, a transmembrane kinase that
has a site-specific RNase activity, and tRNA ligase.
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The unfolded-protein response (UPR) is induced when
misfolded or improperly assembled proteins accumulate in
the endoplasmic reticulum (ER). It results in the increased
expression of ER-resident enzymes, such as the molecular
chaperone BiP and protein disulfide isomerase (PDI), that
aid the correct folding and assembly of proteins. The UPR
induces production of these protein-folding enzymes by up-
regulating the transcription of the genes that encode them.
Although the UPR seems to be conserved among all eukary-
otes, it has been best studied in the budding yeast Saccha-
romyces cerevisiae, where the basic outline of the UPR
pathway between the ER and the nucleus is now known [1].
The accumulation of misfolded proteins in the ER somehow
activates Ire1p, a transmembrane serine/threonine kinase
that lies in the ER membrane with its amino terminus in the
ER lumen and its carboxy-terminal kinase domain either in
the nucleus or in the cytoplasm [2,3]. When activated, Ire1p
oligomerizes and autophosphorylates [4]. This triggers pro-
duction of Hac1p, the transcription factor that binds to the
unfolded protein response element (UPRE). 
The 22 bp UPRE is present in the promoters of genes reg-
ulated by the UPR [5–8] and is necessary and sufficient to
put a linked gene under the control of the UPR. Hac1p is
expressed only after a 252 nucleotide intron is spliced from
the HAC1 mRNA [7,9]. HAC1u (uninduced) mRNA, which
bears the intron, is present in cells under normal growth
conditions, whereas HAC1i (induced) mRNA, which has
been spliced and which expresses the active transcription
factor, accumulates only in cells carrying out the UPR.
Activation of Ire1p causes cleavage of HAC1u mRNA; the
splicing reaction is completed by tRNA ligase, which
carries out the ligation step to form HAC1i mRNA [10].
The UPR pathway is the first case in which tRNA ligase
has been implicated in pre-mRNA splicing. By this and
other criteria, the HAC1 mRNA splicing reaction obviously
differs from conventional spliceosome-mediated pre-
mRNA splicing [10,11]. Thus, a challenge in the field has
been to identify the endonuclease that cleaves HAC1u
mRNA. This was accomplished recently by Sidrauski and
Walter [11], who have demonstrated conclusively that Ire1p
is itself the site-specific endonuclease for HAC1 mRNA.
That Ire1p might have endoribonuclease activity was
initially suggested by the strong homology of the Ire1p tail
domain — the last 133 amino acids of the protein — to the
presumed nuclease domain of RNase L [10,12]. RNase L,
also known as 2-5A-dependent RNase, is an interferon-
inducible endonuclease thought to be involved in the
antiviral and antiproliferative aspects of interferon action in
mammalian cells. Like Ire1p, RNase L oligomerizes when
activated, and its putative nuclease domain is located at the
end of the protein, just after its kinase domain [13,14]. 
Using the HAC1 mRNA intron and bacterially expressed
fragments of Ire1p, Sidrauski and Walter [11] showed that
a carboxy-terminal fragment of Ire1p — including both
the kinase and the tail domains — has endonuclease activ-
ity in vitro, and cleaves HAC1 mRNA at the correct splice
sites. Other nucleases, including tRNA endonuclease and
RNase A, do not produce specific cleavage products of the
intron. Interestingly, the Ire1p kinase domain and an
adenosine nucleotide (ATP, ADP or AMPPNP, but not
GTP) are required for nuclease activity; the Ire1p tail
domain alone does not carry out the cleavage reaction.
This is consistent with the observation that both the Ire1p
kinase and tail domains are required in vivo for induction
of the UPR [3,4]. The exact role of the kinase domain in
the endonuclease reaction remains to be determined.
By adding purified yeast tRNA ligase to their in vitro
reaction, Sidrauski and Walter [11] were able to reconsti-
tute HAC1 mRNA splicing completely. The intron was
excised and the mRNA was correctly religated quite
efficiently. This demonstrates that splicing of HAC1
mRNA is a remarkably simple reaction, requiring only
Ire1p and tRNA ligase. Moreover, because tRNA ligase
acts in this pathway immediately after Ire1p, and because
tRNA ligase is localized in the nucleus, near nuclear pores
[15], it seems likely that the active form of Ire1p accumu-
lates in the inner nuclear membrane and splices HAC1
mRNA before it is exported to the cytoplasm.
Sidrauski and Walter [11] also report that single point
mutations at either of the HAC1u mRNA cleavage sites
affect cleavage of only the mutated site, suggesting that
the two ends of the intron are cleaved independently. In
this respect, the Ire1p-dependent splicing mechanism
differs from spliceosome-mediated mRNA splicing, where
cleavage of the 5′ splice junction obligatorily precedes
cleavage of the 3′ splice junction. It is, however, similar to
tRNA splicing, where the ends of the tRNA intron are
cleaved independently [16]. Ire1p is known to be an
oligomer when active [4,17], and very similar stem–loop
structures have been predicted for the two splice junctions
of HAC1u mRNA [11]. Thus, Ire1p might bind to the
HAC1u mRNA intron as a dimer, with one subunit cleav-
ing each splice site. Furthermore, dimerization of Ire1p
might be important in holding the HAC1 exons close to
each other for accurate and efficient re-ligation.
How does removal of the HAC1 mRNA intron promote
expression of Hac1pi, the protein encoded by HAC1i
mRNA? HAC1u mRNA is present in cells under normal
growth conditions at approximately the same concentra-
tion as that of HAC1i mRNA in cells undergoing the UPR.
But accumulation of Hac1pu, the protein encoded by
HAC1u mRNA, is not detectable in wild-type cells [7,9].
The role of the HAC1 intron in regulating expression of
Hac1p was examined in a recent Current Biology paper by
Chapman and Walter [18]. 
Three possible explanations for the failure of Hac1pu to
accumulate were considered. First, in the absence of the
UPR, the Hac1pu protein might be produced but might be
very susceptible to degradation. This possibility was initially
favored [7], but experiments in cells engineered to express
only Hac1pi or Hac1pu have demonstrated that the two dif-
ferent forms of the transcription factor are equally stable,
each with a half-life of approximately two minutes [9,18]. A
second possibility was that unspliced HAC1u mRNA is
retained in the nucleus, and that removal of the intron was
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A model for the unfolded protein response (UPR) pathway in yeast.
Ire1p, a transmembrane kinase with endonuclease activity, is somehow
activated by accumulation of unfolded proteins in the ER. Activated
Ire1p cleaves the intron from HAC1u mRNA. The splicing reaction is
completed by tRNA ligase and the resulting HAC1i mRNA is exported
to the cytoplasm for translation. Hac1pi is made and induces
transcription of genes encoding ER-resident chaperones. In the
absence of the UPR, HAC1u mRNA is transported to the cytoplasm
and its translation is initiated; the presence of the intron, however,
causes attenuation of translation and the HAC1u transcript
accumulates in the cytoplasm coated with stalled ribosomes. Note that
the localization of Ire1p has not been determined; but, as depicted
here, it is possible that it lies near nuclear pores. See text for details.
necessary to allow export and then translation in the cyto-
plasm. Chapman and Walter [18] ruled out this possibility
by examining the localization of HAC1 mRNA directly,
using in situ hybridization. They found that both HAC1u and
HAC1i mRNAs are transported efficiently to the cytoplasm
and that neither transcript ever accumulates in the nucleus.
A third possibility is regulation at the level of translation.
Previously, Cox and Walter [7] had shown that the HAC1u
mRNA is found on polyribosomes, suggesting that its
translation is at least initiated. Indeed, Chapman and
Walter [18] found evidence that the amino terminus of
Hac1p is actively translated in cells not expressing the
full-length transcription factor. They transformed cells
with a plasmid encoding Hac1p with the hemagglutinin
(HA) epitope tag fused to its amino terminus, grew the
cells under conditions in which the UPR was not induced,
and made extracts. Immunoprecipitation with anti-HA
antibodies precipitated HAC1 mRNA from the cell
extract, presumably because the epitope was produced by
and bound to ribosomes translating the HAC1u mRNA. 
Chapman and Walter [18] conclude that translation
elongation, and not initiation, is inhibited by the presence of
the HAC1u intron. This makes sense given that the HAC1i
and HAC1u mRNAs have identical 5′ ends and thus must be
recognized by identical translation initiation complexes.
Furthermore, it means that the UPR can be triggered very
rapidly, by changing the activity of a single enzyme, Ire1p.
The other components required for the response, for
example the proteins necessary to transcribe the HAC1 gene
and to begin translation of the HAC1 mRNA, seem to be
active prior to induction of the UPR (Figure 1).
The primary control over Hac1p function thus appears to
be at the level of translation. A very small amount of
Hac1pu is probably made by a few ribosomes that escape
regulation by the intron. Apart from its low levels,
however, this ‘uninduced’ form of the protein promotes
little UPRE-dependent transcription. Hac1pu is less tran-
scriptionally active than Hac1pi [9,18], even though the
two proteins differ in only the last few amino acids at their
carboxyl termini [7].
The mechanism by which the HAC1 intron regulates trans-
lation is unknown, but our understanding of translational
control will no doubt be expanded by studying this novel
example. It is possible that the HAC1 intron may eventually
provide a useful means by which to regulate the expression
of other eukaryotic genes. Chapman and Walter [18] have
already shown that the HAC1 intron — with small parts of
the adjacent HAC1 exons — can attenuate translation of a
heterologous mRNA (encoding the green fluorescent
protein, GFP) when placed in the 3′ untranslated region
after the GFP stop codon [18]. Although regulated splicing
of the associated transcript seems to require additional
sequences from the HAC1 exons, it seems only a matter of
time before the minimal sequences required for translation
attenuation and for Ire1p-dependent splicing are identified.
As we learn more about the UPR, it seems to be a cell
biology course instructor’s dream pathway. The pathway
follows a tour through many different cellular compart-
ments — from the ER to the nucleus, to the cytoplasm,
and back — and utilizes an unexpectedly wide variety of
regulatory mechanisms. Beware, students, it might appear
in a question on your next exam!
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